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Introduction {#eji4106-sec-0010}
============

At present, it is unclear how numbers of CD8^+^ memory T lymphocytes are maintained over time in the memory phase of an immune response, i.e. in the apparent absence of antigen. The current view is that numbers of CD8^+^ memory T cells are maintained by homeostatic proliferation, a proliferation induced by cytokines like interleukin‐15 (IL‐15) [1](#eji4106-bib-0001){ref-type="ref"}, [2](#eji4106-bib-0002){ref-type="ref"}, [3](#eji4106-bib-0003){ref-type="ref"} compensating a gradual loss of memory cells by apoptosis [4](#eji4106-bib-0004){ref-type="ref"}, [5](#eji4106-bib-0005){ref-type="ref"}, [6](#eji4106-bib-0006){ref-type="ref"}. This view is based on analysis of the proliferation of CD8^+^ memory T cells, isolated from the spleen, labeled with CFSE and adoptively transferred from one mouse to another. The cells home to a variety of organs, and 15 days later, about 30 to 50% of the cells have divided once or twice, with 50% in the bone marrow (BM) [7](#eji4106-bib-0007){ref-type="ref"}. This corresponds well to the frequencies of endogenous CD8^+^ memory T cells incorporating BrdU into their DNA, as a measure of proliferation, which is also about 50% in 14 days [4](#eji4106-bib-0004){ref-type="ref"}. From these analyses, it has been concluded that CD8^+^ memory T lymphocytes in spleen and BM are maintained by homeostatic proliferation [7](#eji4106-bib-0007){ref-type="ref"}, [8](#eji4106-bib-0008){ref-type="ref"}. Conflicting evidence comes from the analysis of Ki‐67 expression in CD8^+^ memory T cells. Ki‐67 is expressed by cycling cells, in the G~1~ to M phases of cell cycle. Cells resting in the G~0~ phase of cell cycle do not express Ki‐67 [9](#eji4106-bib-0009){ref-type="ref"}. According to Ki‐67 staining, more than 95%, in spleen and BM of mice [10](#eji4106-bib-0010){ref-type="ref"}, and 98 to 99.5% of CD8^+^ memory T cells, in blood and BM of humans [11](#eji4106-bib-0011){ref-type="ref"} are in G~0~ of cell cycle at any given time point. In line with this, more than 99% of the cells are not in the S/G~2~/M phases of cell cycle, according to PI staining of their DNA, discriminating cells in G~0~ or G~1~ from cells in the S/G~2~/M phases of cell cycle [8](#eji4106-bib-0008){ref-type="ref"}, [10](#eji4106-bib-0010){ref-type="ref"}. With respect to the reported proliferation of CD8^+^ memory T cells, as measured by BrdU incorporation, it has been shown that BrdU induces proliferation of CD8^+^ memory T cells, as reflected by Ki‐67 expression and entry of cells into S/G~2~/M phases of the cell cycle, according to PI staining [10](#eji4106-bib-0010){ref-type="ref"}.

Here, we use cyclophosphamide (CyP) to analyze proliferation of CD8^+^ memory T cells in the spleen and in the BM, directly. CyP is nitrogen mustard that adds alkyl groups to DNA, resulting in DNA cross‐linking. Cross‐linked DNA cannot be replicated efficiently and cells attempting to divide die by apoptosis [12](#eji4106-bib-0012){ref-type="ref"}.

Results and discussion {#eji4106-sec-0020}
======================

Activated CD8^+^ T lymphocytes of acute immune reactions are eliminated by cyclophosphamide {#eji4106-sec-0030}
-------------------------------------------------------------------------------------------

To show that proliferating CD8^+^ T lymphocytes are eliminated by CyP, we induced a secondary immune reaction to ovalbumin (Ova) in C57BL/6 mice, and treated them with CyP on days 0 and 4 of the reaction, then enumerated antigen‐specific CD8^+^ T lymphocytes on day 7 (Fig. [1](#eji4106-fig-0001){ref-type="fig"}A). CyP decreased the absolute numbers of B220^+^ B cells by 60% in the spleen and 80% in the BM (Fig. [1](#eji4106-fig-0001){ref-type="fig"}B), demonstrating that CyP was delivered to both organs efficiently [13](#eji4106-bib-0013){ref-type="ref"}, [14](#eji4106-bib-0014){ref-type="ref"}, [15](#eji4106-bib-0015){ref-type="ref"}. CD8^+^CD44^+^ memory T cells as such were reduced by 50% in the spleen, but not in the BM (Fig. [1](#eji4106-fig-0001){ref-type="fig"}C). CD8^+^ memory T cells of the immune response to Ova were labeled by fluorescent H2K^b^‐SIINFEKL pentamers. The frequencies of SIINFEKL‐binding CD8^+^CD44^+^ T lymphocytes were reduced in the spleen and BM, in the example displayed by 78% in the spleen and 58.2% in the BM (Fig. [1](#eji4106-fig-0001){ref-type="fig"}D), although less cells were detectable in the BM than in the spleen at this time point. Absolute numbers of SIINFEKL‐specific CD8^+^CD44^+^ T lymphocytes were reduced from 10.97 × 10^3^ (± 3.58 × 10^3^ SEM) to 1.01 × 10^3^ (± 0.17 × 10^3^ SEM), i.e. by 90.79% in the spleen, and from 4.29 × 10^3^ (± 0.73 × 10^3^ SEM) to 2.20 × 10^3^ (± 0.41 × 10^3^ SEM), i.e. by 48.73% in the BM (Fig. [1](#eji4106-fig-0001){ref-type="fig"}E). As expected, SIINFEKL‐specific CD8^+^ memory T cells in cell cycle, expressing Ki‐67, were eliminated entirely (Fig. [1](#eji4106-fig-0001){ref-type="fig"}F).

![Proliferating CD8^+^ T lymphocytes are eliminated by CyP in acute immune reactions. (A) Experimental setup: CyP was applied on days 0 and 4 of a secondary immune response to Ova. Numbers of specific CD8^+^ T cells were determined in spleen and BM on day 7 of the secondary immune response. (B) Absolute numbers of B220^+^ cells in spleen and BM upon administration of CyP or vehicle. (C) Absolute numbers of CD8^+^CD44^+^ T cells in spleen and BM upon administration of CyP or vehicle. (D) Representative dot plots of SIINFEKL‐pentamer versus Ki‐67 gated on CD4^−^CD8^+^CD44^+^ viable cells. (E) Absolute numbers of SIINFEKL‐specific CD8^+^ T cells in spleen and BM upon administration of CyP or vehicle. (F) Frequencies of Ki‐67^+^ among SIINFEKL‐specific CD8^+^ T cells in spleen and BM upon administration of CyP or vehicle. Data in (B) and (C) are representative of two independent experiments, each with four to five mice per group. Data in (E) and (F) represent pooled results from two independent experiments, each with four to five mice per group. Data are presented as mean ± SEM. \**p* \< 0.05, ^\*\*^ *p* \< 0.01, ^\*\*\*^ *p* \< 0.001, as determined by two‐tailed Student\'s t test.](EJI-47-1900-g001){#eji4106-fig-0001}

CD8^+^ memory T cells of the BM are not eliminated by cyclophosphamide {#eji4106-sec-0040}
----------------------------------------------------------------------

Next, we investigated the proliferation of CD8^+^ memory T cells in the memory phase of an immune response. To this extent, we treated C57BL/6 mice immunized twice with Ova, 3 months after onset of the secondary immune reaction, on days 90, 94, 98, and 102 with CyP, and enumerated their CD8^+^ memory T cells on day 105 (Fig. [2](#eji4106-fig-0002){ref-type="fig"}A). Again, we confirmed delivery of CyP to the BM by analyzing the ablation of B220^+^ B cells, which were significantly reduced by 70% in spleen and 50% in BM (Fig. [2](#eji4106-fig-0002){ref-type="fig"}B). Numbers of SIINFEKL‐specific CD8^+^ memory T cells in the BM were not significantly affected by CyP, with 1921 (± 234.8 SEM) in CyP treated versus 2113 (± 336.5 SEM) in untreated mice. On the other hand, in the spleen, the numbers of SIINFEKL‐specific T cells were significantly reduced by 70%, from 1352 (± 210.2 SEM) to 411.5 (± 44.14 SEM) (Fig. [2](#eji4106-fig-0002){ref-type="fig"}C). In the BM, the numbers of CD8^+^CD44^+^ memory T lymphocytes as such were also not affected by the CyP treatment, with 1.31 × 10^6^ (± 0.92 × 10^5^ SEM) versus 1.23 × 10^6^ (± 1.12 × 10^5^ SEM) in treated versus untreated animals, respectively. In contrast, in the spleen numbers of CD8^+^CD44^+^ memory T cells were significantly reduced by 46% from 1.10 × 10^6^ (± 0.59 × 10^5^ SEM) to 0.59 × 10^6^ (± 0.41 × 10^5^ SEM) (Fig. [2](#eji4106-fig-0002){ref-type="fig"}D). In the spleen, CyP did reduce the frequency of CD8^+^CD44^+^Ki‐67^+^ memory T cells from 13.7 (± 1.14 SEM) to 5.7% (± 0.77 SEM) (Fig. [2](#eji4106-fig-0002){ref-type="fig"}E and F). Since CyP eliminates about 50% of the cells within 14 days, apparently 80% of the cells eliminated by CyP, i.e. 40% of all cells, had switched from proliferative rest (Ki‐67^−^) to proliferation within these 14 days. Interestingly, in the BM even cells expressing Ki‐67 were not CyP sensitive, i.e. their frequency did not change significantly (Fig. [2](#eji4106-fig-0002){ref-type="fig"}F). The DNA of CD8^+^CD44^+^ memory T cells had efficiently been alkylated by CyP, since stimulating them with anti‐CD3/anti‐CD28 revealed that they were no longer able to expand (Fig. [2](#eji4106-fig-0002){ref-type="fig"}G).

![CD8^+^ memory T cells of the spleen but not those of BM are eliminated by CyP in the memory phase of immune responses. (A) Experimental setup: CyP was applied on days 90, 94, 98, and 102 after induction of a secondary immune response to Ova. Numbers of specific and total CD8^+^ T cells were determined in spleen and BM on day 105, i.e. on day 15 after the start of treatment with CyP. (B) Absolute numbers of B220^+^ cells in spleen and BM upon administration of CyP or vehicle. (C) Absolute numbers of SIINFEKL‐specific CD8^+^ T cells in spleen and BM upon administration of CyP or vehicle. (D) Absolute numbers of CD8^+^CD44^+^ T cells in spleen and BM upon administration of CyP or vehicle. (E) Representative dot plots of SIINFEKL‐pentamer versus Ki‐67 gated on CD4^−^CD8^+^CD44^+^ viable cells. (F) Frequencies of Ki‐67^+^ among CD8^+^CD44^+^ T cells in spleen and BM upon administration of CyP or vehicle. (G) Numbers of CD8^+^CD44^+^ T cells sorted from vehicle‐ or CyP‐treated mice after in vitro anti‐CD3/anti‐CD28 stimulation at 72 h. Data from (A) to (F) represent pooled results from two independent experiments, each with five to eight mice per group. Data in (G) represent one independent experiment with four mice per group with technical duplicates. Data are presented as mean ± SEM. ^\*\*\*^ *p* \< 0.001, as determined by two‐tailed Student\'s t test.](EJI-47-1900-g002){#eji4106-fig-0002}

Maintenance of CD8^+^ memory T cells in the BM is independent of their circulating counterpart {#eji4106-sec-0050}
----------------------------------------------------------------------------------------------

To rule out that, in the BM and in the presence of CyP, numbers of proliferating and dying CD8^+^ memory T cells were compensated by immigrating CD8^+^ memory T cells, we blocked circulation by FTY720 [16](#eji4106-bib-0016){ref-type="ref"}, [17](#eji4106-bib-0017){ref-type="ref"}, a sphingosine‐1‐phosphate analog (Fig. [3](#eji4106-fig-0003){ref-type="fig"}A). FTY720 reduced the frequency of CD3^+^CD8^+^ T lymphocytes in the blood from 38.7 to 1.78% in the example given in [3](#eji4106-fig-0003){ref-type="fig"}B (left panel), and the absolute numbers of circulating CD3^+^CD8^+^ T lymphocytes to 2 cells/μL of blood (± 1.26 SEM for FTY720 + CyP or ± 1.06 SEM for FTY720 + PBS) as opposed to 190 (± 52.84 SEM) or 166 (± 45.39 SEM) cells in the controls (Fig. [3](#eji4106-fig-0003){ref-type="fig"}B, right panel). In FTY720‐treated animals, CyP significantly reduced the numbers of CD8^+^CD44^+^ memory T cells of the spleen by 48% from 0.6 × 10^6^ (± 1.07 × 10^5^) to 0.27 × 10^6^ (± 0,29 × 10^5^), while the numbers of CD8^+^CD44^+^ memory T cells in the BM did not significantly differ (0.9 × 10^6^ ± 49.79 × 10^3^ SEM versus 1.05 × 10^6^ ± 83.98 × 10^3^ SEM) (Fig. [3](#eji4106-fig-0003){ref-type="fig"}C). We also did not observe significant differences in the absolute numbers of SIINFEKL‐specific CD8^+^ memory T cells, with and without FTY720 and with and without CyP (Fig. [3](#eji4106-fig-0003){ref-type="fig"}D). These results suggest that CD8^+^ memory T cells of an intentional immune response, but also the global population of CD8^+^ memory T cells of the BM, as generated by natural infections, are resting in terms of proliferation and residents of the BM, at least for the time of observation. In the BM, around 30% of the CD8^+^ memory cells express CD69 [10](#eji4106-bib-0010){ref-type="ref"} and around 70% do not express CCR7 (data not shown). It has been proposed that CD69 marks "tissue‐resident" memory T cells [18](#eji4106-bib-0018){ref-type="ref"}, [19](#eji4106-bib-0019){ref-type="ref"}, and that CCR7^−^ CD8^+^ memory T cells are maintained by IL‐15 induced proliferation [3](#eji4106-bib-0003){ref-type="ref"}. The present analysis shows that both CD69^+^ and CD69^−^ and also CCR7^+^ and CCR7^−^ CD8^+^ memory T cells of the BM are resting and resident.

![Maintenance of resting CD8^+^ memory T cells in the BM is independent of circulating CD8^+^ memory T cells. (A) Experimental setup: CyP was applied on days 90, 94, 98, and 102 after induction of a secondary immune response to Ova. At the same time, mice were administered FTY720 during the window of CyP treatment. Numbers of CD8^+^ memory T cells were determined in blood, spleen, and BM on day 105, i.e. on day 15 after the start of the cotreatment with CyP and FTY720. (B) Left: representative dot plots of CD8 versus CD4 gated on CD3^+^ viable cells, blood. Right: absolute numbers of CD3^+^CD8^+^ T cells in the blood of FTY720‐ or saline‐treated animals upon administration of CyP or vehicle. Upper \* refers to saline + PBS versus FTY720 + PBS, lower \* refers to saline‐CyP versus FTY720‐CyP. (C) Absolute numbers of CD8^+^CD44^+^ T cells in spleen and BM upon administration of CyP or vehicle in FTY720‐treated animals. (D) Absolute numbers of SIINFEKL‐specific CD8^+^ T cells in BM upon administration of CyP or vehicle in FTY720‐ or saline‐treated animals. Data represent pooled results from two independent experiments, each with three to four mice per group. Data are presented as mean ± SEM. ^\*^ *p* \< 0.05, ^\*\*^ *p* \< 0.01, ^\*\*\*^ *p* \< 0.001, as determined by one‐way ANOVA (D) or two‐tailed Student\'s t test.](EJI-47-1900-g003){#eji4106-fig-0003}

Becker et al. had observed prominent proliferation of CD8^+^ memory T cells in all tissues, including spleen and BM, after adoptive transfer of *splenic* CD8^+^ memory T cells, labeled with CFSE, into naïve mice [7](#eji4106-bib-0007){ref-type="ref"}. It is interesting to note that some of these splenic CD8^+^ memory T cells after transfer efficiently homed to all tissues analyzed, and were readily detectable in lung, liver, lymph nodes, BM, and spleen. The continued proliferation of these adoptively transferred splenic CD8^+^ memory T cells over 15 to 25 days in spleen and BM of the recipients is in line with the present finding that some *splenic* CD8^+^ memory T cells are maintained by proliferation in vivo. The present data also indicate that only 50% of the splenic CD8^+^ memory T cells are maintained by proliferation. Treatment of mice with CyP for 7 or 14 days both reduced the numbers of splenic CD8^+^ memory T cells by 50% (Figs. [1](#eji4106-fig-0001){ref-type="fig"}C and [2](#eji4106-fig-0002){ref-type="fig"}D), suggesting that the other 50% are resistant to CyP, i.e. resting in terms of proliferation.

Concluding remarks {#eji4106-sec-0060}
==================

In summary, the present data show that the BM is a privileged site for the maintenance of CD8^+^ memory T lymphocytes as cells resting in terms of proliferation. Blocking circulation of memory CD8^+^ T cells with FTY720 also suggests that most if not all BM CD8^+^ memory T cells are resident, at least for the time of observation. The data support the concept of "resting and resident" memory T cells rather than the concept of "cycling and circulating" memory T cells. The data also suggest that the reactive immunological memory of patients treated with CyP can be severely impaired. Like long‐lived memory plasma cells [20](#eji4106-bib-0020){ref-type="ref"}, [21](#eji4106-bib-0021){ref-type="ref"}, CD8^+^ memory T cells of the BM are resistant to CyP, in their resting state. If reactivated, however, they will not be able to mount an efficient secondary immune response.

Materials and methods {#eji4106-sec-0070}
=====================

Mice {#eji4106-sec-0080}
----

All mice were purchased from Charles River, Germany and maintained under SPF conditions at the mouse facility of German Rheumatism Research Centre, Berlin. Experiments were performed according to institutional guidelines and German Federal laws on animal protection. Eight‐week‐old C57BL/6 mice were subcutaneously immunized twice at 4‐week intervals with 100 μg OVA + 10 μg LPS (*Salmonella minnesota*, Invivogen). Mice were then intravenously administered with CyP (50 mg/kg) or PBS either for 1 week at 4‐day intervals starting on the day of the challenge or for 2 weeks at 4‐day intervals, starting 90 days after the challenge. Where indicated, CyP‐ or PBS‐treated mice were fed with 1 mg/kg FTY720 (Cayman Chemical) or saline control dissolved in drinking water. Water was changed every 3 days. Analysis was carried out 3 days after the last CyP or PBS injection.

Flow cytometry {#eji4106-sec-0090}
--------------

Single‐cell suspensions were obtained from spleen and BM. After lysis of erythrocytes, cell counts were performed by MACSQuant (Miltenyi, Bergisch‐Gladbach). For cell staining, cells were first incubated with 10 μg/mL anti‐FCγRII/III (2.4G2) in FACS buffer (PBS/0.1% BSA/2mM EDTA) for 10 minutes at 4°C. Cells were then incubated in PBS for 10 minutes at room temperature with H‐2Kb‐SIINFEKL pentamer (Proimmune, Oxford). Cells were stained for 15 minutes at 4°C with anti‐CD3 (145‐2C11), anti‐CD4 (RM4.4), anti‐CD44 (IM7), anti‐B220 (RA3.6B2), and anti‐CD8α (53‐6.72). Cells were then fixed overnight in Foxp3 fixation/permeabilization working solution according to the manufacturer\'s instructions (eBioscience, San Diego, CA) and finally stained intracellularly at room temperature for 45 minutes with anti‐Ki67 (B56). Viability of cells was assessed by LIVE/DEAD Fixable Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA). Stained samples were analyzed on a BD Fortessa flow cytometer (BD Biosciences, San Jose, CA) or MACSQuant (Miltenyi, Bergisch‐Gladbach, Germany). Flow cytometric data were analyzed by FlowJo software (FlowJo LLC, Ashland).

In vitro stimulation assay {#eji4106-sec-0100}
--------------------------

CD8^+^CD44^+^ memory T cells were immunomagnetically sorted from the BM of mice treated with CyP or PBS, according to manufacturer´s instructions (Miltenyi). A total of 5 × 10^3^ CD8^+^CD44^+^ memory T cells were then plated in technical duplicates and stimulated with plate‐bound anti‐CD3 and anti‐CD28 (3 μg/mL) antibodies (BD Biosciences). Shortly before 48 h, cells were taken out from the stimuli and transferred to a new plate. Analysis was carried out at 72 h from the initial stimulation.

Absolute cell number calculation per organ {#eji4106-sec-0110}
------------------------------------------

For mouse spleen, the whole organs were processed and the total numbers of T cells were calculated based on the cell numbers in a defined volume determined by flow cytometry (MACSQuant, Miltenyi). For mouse BM, individual femurs were individually processed and the total numbers of T cells were determined in the same way. A single femur was estimated to harbor 6.3% of total BM, therefore the conversion factor 15.87 was used to enumerate total cell numbers in the BM of an individual mouse [22](#eji4106-bib-0022){ref-type="ref"}.
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